Microstructure evolution was studied in silicon nitride ceramics by a novel characterization method, and its relevance to the strength was discussed. The characterization method involves an immersion liquid for making green and partially sintered bodies transparent, and a subsequent direct optical microscopic examination. Granules for compaction process were prepared with the spray-drying process and were found to contain pores or deep dimples. Green bodies formed by CIP with these granules contain regularly arrayed pores at the center of granules and also crack-like voids at the boundaries of granules. These pores were preserved in the sintering process and resulted in large pores in the sintered body. They behave as fracture origin in ceramics and reduce the fracture strength. The Weibull modulus was high due to the presence of uniformly distributed pores.
I. INTRODUCTION
Defects are present in virtually all ceramics and govern their various properties, such as fracture strength.1 Reduction in the concentration and size of defects is very important for the improvement of strength and reliability of high performance ceramics.2 To achieve this, it is necessary to fully understand the behavior of microstructure evolution during densification with particular focus on the behavior of large processing defects.
Behavior of large processing pores during densification has been a subject of both theoretical and experimental studies. Thermodynamic argument showed that pores much larger than the surrounding grain are stable and grow during densification.3'4 This argument was recently confirmed in alumina ceramics that were densified through the solid-state sintering process.5"7 Although the same argument is expected to hold for the liquid phase sintering, experimental confirmation has been absent. It should be very important to directly examine the behavior of processing pores in this sintering process. Eventually all important high strength ceramics a)Address all correspondence to this author.
as well as functional ceramics are densified through the liquid phase sintering process. 8 This paper presents a direct observation on the behavior of processing pores during the liquid phase sintering in silicon nitride ceramics. This is representative of high performance ceramics, and the formation mechanism of fracture origin is of great practical interest. Following previous studies,9"12 the liquid immersion method was applied for characterizing pores in both green and partially sintered bodies. With this method, the specimens were made transparent with the immersion liquid and were examined by a transmission optical microscope. It provides clear semi-three-dimensional macro-and microstructural information that is difficult to obtain by any other method. Its characteristically large examination volume provides us with accurate information representative of the overall specimen, as well as of features of very low concentration, such as fracture origins. The information obtained is clearly very objective and suited for examining the relationship between the defect and the strength. The mercury porosimetry and the SEM observation were also applied to examine characteristics of micropores and microstructures, respectively. The phase change during the sintering was examined by the powder x-ray diffraction method. The relation between the flexural strength and the microstructure will be discussed.
II. EXPERIMENTAL
All materials used in this study are of commercial grade. Silicon nitride (Ube, SNE-10) powder containing 5 wt. % alumina and 5 wt. % yttria as sintering additives (5 kg) and a deflocculant (150 g) were mixed with pure water (3.5 kg) by an attrition mill for 25 min. After adding binder (equivalent solid content: 0.375%) and passing through a sieve (320 mesh) to remove foreign objects, the slurry mixture was spray dried to form granules. The granules were mold pressed into pellets or bars at 20 MPa and were subsequently cold isostatically pressed at 150 MPa. The green bodies were heated (10 °C/min) to various temperatures for sintering and quenched. For structural examination of the granules by the liquid immersion method, a small amount was placed on a glass slide of an optical microscope and was made transparent with a drop of the immersion liquid (refractive index: 2.05, Cargille, NJ). The granules thus made transparent were examined under an optical microscope of the transmission mode. For structural examination of the partially sintered specimens, they were thinned to a few tenth of a millimeter with sandpaper. After the specimens were made transparent with the same immersion liquid, they were subjected to the same optical microscopic examination as above. The phases present in the specimen at various temperatures were examined by the powder x-ray diffraction method. The microstructure was also examined by the conventional SEM technique. The micropores were examined by the mercury porosimetry. The flexural strength was determined by the four-point method with an outer and inner span length of 30 mm and 10 mm, respectively, and a crosshead speed of 0.5 mm/min on a specimen of the size 3 mm X 4 mm X 40 mm. Figure 1 shows the structure of the powder granules prepared in this study. They have basically a spherical shape and have a wide distribution of size. A majority of the granules contain deep dimples. A dimple seen from its top appeared as a light small round feature in the center of the granule. Most of the dimples were seen from this direction, because the granules tended to orient in this direction. The side view shows that the dimple is very deep and penetrates almost entirely through the granule. The dark circumferential region outlining each granule corresponds to the binder segregation at the surface of the granule. The segregated binder can be seen only in this region of the granules, for the light path through the thin layer of binder phase is the longest there. Dark small spots in the granules correspond to the particles of sintering additives which have a refractive index different from that of silicon nitride. Figure 2 shows the change of relative densities with the sintering temperature. The densification started at about 1350 °C. It became very rapid in the temperature range of 1450° to 1650 °C and slowed down at higher temperatures. Note that the specimens were quenched immediately after reaching these temperatures, except those that were sintered at 1800 °C. The relative density increased with time at 1800 °C, and the maximum value achieved was 98% after sintering for 4 h. Figure 3 shows the change of the microstructures with densification, which was examined by the liquid immersion technique. Pores can be observed as either light or dark features, depending on the presence of air which was trapped during the liquid immersion. The pores appeared extremely dark if air was trapped in them, and appeared light when filled with the immersion liquid. The full penetration of the immersion liquid into all pores was difficult due to its high viscosity. Observation shows that the large pores were empty during the densification process. The liquid phase which was formed by the reaction between the sintering additives and the silicon dioxide on the surface of silicon nitride was clearly removed from these large pores. In the temperature range of no shrinkage, the granules retain their spherical shape. The pores in the central region of the granules also remained almost intact. With further densification, the boundaries between granules became less clear and the pores at the boundaries of the granules were rounded. The pore in each granule was not removed and its shape was kept almost unchanged during the densification process. The specimen resulted in a unique structure which is characterized by the regularly arranged pores of a similar size. Figure 4 shows the change of pore size distribution with densification. There are two groups of pores. One is centered in the submicron region and constitutes a majority of the total pore volume of specimen. The other is the large pores of the ten to hundred micron region. The volumes of large pores were so small that they were difficult to be characterized accurately in this figure. With the densification, the pore volume of the first group decreased without changing the pore size noticeably, while the pore volume of the second group was virtually unchanged.
III. RESULTS
The phases were analyzed for the specimens quenched from various temperatures, and the major phase was found to be o;-Si3N4 for the temperatures up to 1650 °C and yS-Si3N4 at 1750 °C. Only /3-Si3N4 was found in the specimens sintered over 1 h at 1800 °C. Figure 5 shows the SEM micrographs of the specimens sintered at 1800 °C for 1 h and 4 h. In these micrographs, the structure noted above is found again clearly in the specimen sintered for 1 h and less clearly in that sintered for 4 h. In both specimens, the pores are left in the center of the granules and are distributed in the same regular manner as in the green and the partially sintered bodies. The spacing between them was again approximately several tens of microns. More or less round patterns of the size of several tens of microns were also found in both specimens. They suggest that the boundary regions of granules are weaker than other matrix regions even in near fully densified specimens.
Smaller pores found at the boundaries of the granules also suggest that these places correspond to a region of low density and low strength. The pore volume estimated from the area of pores in this micrograph was found to be approximately a few percent, suggesting that the matrix of the specimen was fully dense except these large pores. Figure 6 shows the Weibull plot for 40 strength data obtained in the present specimens. Although the average strength was not impressive for this type of ceramics (751 MPa), very small scatter was found in the strength, corresponding to the high m value in the plot (m = 50.9). Figure 7 shows the SEM micrograph of a typical fracture origin. Although specimens containing clear fracture origin were limited, they all clearly fractured from large processing pores. The size of the pore was typically tens of microns. The pores found above clearly behave as the fracture origins, limiting the strength of this material.
IV. DISCUSSION
This study clarifies the formation mechanism of a major structural defect during the processing of silicon nitride ceramics. This mechanism can be very universal in ceramics formed by the powder compaction process followed by the densification of the liquid phase sintering. The defects formed are clearly responsible for the fracture of ceramics. However, this mechanism of defect formation has not been well recognized, for it was difficult to understand the behavior of large processing voids of low concentration in production process. 13 The insight obtained in this study is very general and important in the processing of ceramics. Except for the persistence of large pores during densification, the general features found in this study have been well known and are consistent with past results reported for this material.14 On the formation of defect, various mechanisms can be possible.2 It is very likely that the specimens of this study should also contain defects formed by other mechanisms. They do not have a dominant effect, however, on the fracture in the specimens of this study. Two types of large pores in the green body clearly survive the densification process in the liquid phase sintering. The large spherical pores at the center of the granules do not change their shape appreciably in densification. The large crack-like pores located between the granules changed their shape and were separated into small round pores after densification. The behaviors of these large pores are the same as those found in the solid-state sintering.57
The stability of these large pores against elimination can be understood if one recalls the argument given for the removal of pores in the solid state sintering. The driving force for the pore removal is the excess interfacial energy of the curved surface. The solid-gas interface is curved by the energy balance between the gas-solid and grain boundary energies. The surface of the large pore is curved to provide a driving force for the pore growth. The opposite curved surface of small pores provides them a driving force for shrinkage.3'4 The above argument involves only the interfacial energy and should not be affected significantly by their exact nature, i.e., the gas-solid versus the liquid-solid interfaces.
The interfacial energy also explains the different behavior in the morphological change among these large pores during densification. The near-spherical pores in the center of the granules are stable without changing their shape, for their surface energy per unit volume is minimal with this shape. The crack-like pores at the boundaries of the granules have a high interface area per unit pore volume and are unstable if they do not change the shape. The driving force is provided by the reduced interfacial energy per unit volume when the crack-like pores are divided into the small rounded pores.
The sources of large processing pores in the central and the boundary regions of the granules in the green body are clearly the pores in the granules and the intergranular void space between granules, respectively. Both pores can survive the compaction pressure during the forming process. They are believed to be rather common sources of processing pores in the ceramics made through the powder compaction process and should be affected markedly by the characteristics of the granules and the conditions of compaction.15'16 At this stage, however, no attempt is made to understand the relation between the characteristics of the granules, the conditions of compaction, and the processing pores. The subject will be left for further study.
The rather uniform strength shown in Fig. 7 is consistent with the microstructure of these ceramics, in which the processing pores (fracture origin) of a similar size are distributed uniformly in the final ceramics (Fig. 5) . The fracture will be initiated at approximately the same stress level in this type of structure.
Although the removal of pores in the granules and at the boundaries of the granules should be very important for the development of strong ceramics, this may not enhance the Weibull modulus. The removal shifts the fracture origin from these pores to the naturally occurring defects. As the characteristics of the naturally occurring defects vary significantly, the strength governed by them should also vary significantly. Namely, the removal of the large processing pore may increase the average strength, but may not necessarily increase the Weibull modulus. 2 In this system, the behavior of the small pores during densification was different from that of alumina or the solid-state sintering.1719 The size of the small pores decreased monotonously with the densification in this system; whereas in alumina, the small pores first grew with the densification before the final removal. The growth of small pores with the densification is explained by the presence of the agglomerated particles in the solid-state sintering. Highly packed particles in the agglomerated particles densify rapidly, enlarging the pores that are located between them. Presently, the source of the difference in the pore behaviors is not fully clear for these sintering mechanisms. One possible explanation is the particle rearrangement that can occur in the initial stage of densification in the liquid phase sintering, but not in the solid-state sintering. The liquid formed in heating allows the particulate system a drastic rearrangement and may break up the agglomerate. Detailed examination of this argument is left for subsequent study.
The large pores were clearly empty at least up to the intermediate stage of the densification process, in which the majority of pores are open. As shown in Fig. 3 , the liquid phase formed by the reaction between the sintering additives and silicon dioxide is absent in the large pore. This result is understandable if we consider the capillary force acting on the liquid at the liquid-solid interface. As the liquid wets the surface of silicon nitride, it is pulled into the small pores from large pores, for the capillary force increases with decreasing pore radius. In the final stage of sintering where all pores are closed, the shrinkage of these large pores is governed by the capillary force and the gas pressure inside pores.20 '21 The presence of empty pores in Fig. 5 can be explained by one of the following two possibilities. The first is a kinetic explanation. At the present sintering period, many small pores are still present to absorb liquid, and the total amount of liquid is insufficient to fill the large pores. The second is a thermodynamic explanation. The size of large pores exceeds the critical value that is determined by the energy balance between the surface energy of liquid and the work required to compress the gas trapped in the pore. The gradual densification with time in Fig. 2 and the removal of large pores with densification in Fig. 5 suggest that the former is the case. Details of this point are, however, a subject of future study.
V. CONCLUSIONS
The following conclusions were reached by the examination of the microstructural evolution in silicon nitride ceramics.
(1) The large processing pores were present at the central and boundary regions of granules in green body, which was formed with granules containing pores.
(2) These processing pores were stable and were not removed by the sintering, resulting in large pores in the sintered body.
(3) These large pores are distributed with a regular spacing in the sintered body and reduce the strength of ceramics.
(4) The very uniform strength results due to the regularly arranged large pores.
(5) The large pores are empty because they are not filled with the liquid phase formed by the reaction between the sintering additives and silicon dioxide.
